Abstract Biomass cost, supply, and quality are critical parameters to consider when choosing feedstocks and locations for biorefineries. Biomass cost is dependent upon feedstock type, location, quantities available, logistics costs, and the quality specifications required by the biorefinery. Biomass quality depends upon feedstock type, growth conditions, weather, harvesting methods, storage conditions, and any preprocessing methods used to improve quality. Biomass quantity depends on location as well as growth conditions, weather, harvesting methods, and storage conditions. This study examines the interdependencies of these parameters and how they affect the biomass blends required by biomass depots and/or biorefineries to achieve the lowest cost feedstock with sufficient quality at the quantities needed for biorefinery operation. Four biomass depots were proposed in South Carolina to each produce 200,000 t of feedstock per year. These depots supply a centrally located 800,000 t biorefinery that converts the feedstocks to bio-oil using either catalyzed or uncatalyzed fast pyrolysis. The four depots utilize biomass based upon availability, but the feedstock or feedstock blend still met the minimum quality requirements for the biorefinery. Costs were minimized by using waste biomass resources such as construction and demolition waste, logging residues, and forest residuals. As necessary, preprocessing methods such as air classification and acid leaching were used to upgrade biomass quality. For both uncatalyzed and catalyzed fast pyrolysis, all four depots could produce biomass blends that met quality and quantity specifications at a cost lower than using a single feedstock.
Introduction
In developing blends of biomass feedstocks for use in fast pyrolysis conversion reactions, there are three primary constraints that limit what materials can be used: feedstock cost, feedstock quality, and available quantities of each feedstock. While each of these variables has its own set of metrics, they are also interdependent. As general examples, high-quality feedstocks are likely to be more expensive as the demand for these feedstocks is higher. To obtain sufficient quantities of the desired feedstock, it may be necessary to source materials from long distances; however, the cost of transporting that feedstock to the preprocessing depot or biorefinery may make it economically unfeasible. Finally, the lowest cost feedstocks available in a given area may not have the quality required by the biorefinery. In the current study, we investigated an approach that combines the upgrading of low-cost and low-quality feedstocks with the blending of these feedstock fractions with higher quality feedstocks to meet ash specifications suitable for fast pyrolysis at the lowest possible cost.
Ash content is an important quality parameter in biomass particularly for both catalyzed and uncatalyzed fast pyrolysis applications. Ash in biomass originates from two primary sources, physiological and exogenous. Physiological ash is obtained from the soil by the living plant and includes minerals and other nutrients needed for normal plant structure and metabolism. Healthy biomass tissues contain measureable concentrations of ash elements such as silicon, calcium, magnesium, potassium, sodium, manganese, phosphorous, and sulfur. There are many factors that can affect the concentrations of these elements in biomass tissues, including nutrient availability, water availability, plant species, and fertilization. Exogenous ash typically consists of dirt, dust, sand, or rocks and is enriched in the ash elements aluminum, iron, sodium, silicon, and titanium. While some exogenous ash is inevitably collected during all harvest and collection processes, the harvest and collection methods used affect the amount of exogenous ash present [1, 2] .
The presence of specific ash elements in biomass feedstocks is known to adversely affect thermochemical conversion processes [3] and can be especially harmful during both catalyzed and uncatalyzed fast pyrolysis, even at trace levels, leading to decreased product quality and yields [4] . Specifically, the alkali metals sodium and potassium, and the alkaline earth metals calcium and magnesium, are known to affect yields through the thermal degradation of the desired products into light gasses [5, 6] . Previous studies have also shown that when these metals are leached out of or impregnated into biomass, there is a direct and inversely proportional correlation between the presence of alkali and alkaline earth metals (AAEM) and bio-oil yield. Yields were generally higher for biomass feedstocks with low concentrations of these metals and yields decreased as concentrations of these metals increased [5, 6] . Other work has supported the theory that AAEMs in thermochemical reactions can change the optimum reaction conditions, pathways and decomposition mechanisms, and decrease reaction kinetics and yields [7] [8] [9] [10] . In addition, AAEMs can persist through the conversion reaction and also have adverse impacts on bio-oil storage and upgrading where, even at low concentrations, they can catalyze chemical changes in the oil [11] [12] [13] . Further, alkali salts in the bio-oil are known to poison active sites on catalysts and to catalyze the formation of phosphate deposits on the catalyst bed [14] .
Beyond the consideration of individual ash species, reduction in total ash is generally considered desirable for fast pyrolysis applications, with a recent report suggesting a specification of no more than 0.9% total ash in fast pyrolysis feedstocks [15] . To this end, recent studies have demonstrated that air classification is an effective means to remove exogenous soil ash from woody biomass and has also been effective in herbaceous biomass. Lacey et al. [16] demonstrated that air classification could remove 40 wt% of the total ash from loblolly pine logging residues with only 7 wt% loss of biomass. In another study examining air classification of corn stover and switchgrass, approximately 36 and 50 wt% of total ash was removed from corn stover and switchgrass, respectively [17] ; albeit at the expense of about 20 wt% biomass loss in stover and 36 wt% loss in switchgrass. This is an important consideration in that biomass loss would have to be replaced by purchasing additional feedstock, which in turn adds additional cost to the process. It is important to note that these studies also demonstrated that air classification did not effectively remove AAEMs. This is not surprising given that these ash components are found intracellularly in plants and the grinding and air classification process does not break open cell walls.
Unlike air classification, acid leaching (0.5 wt% H 2 SO 4 , 25°C) has been demonstrated to be an effective tool for reducing physiological ash in biomass feedstocks with removals of 96, 100, 36, and 94% of calcium, magnesium, sodium, and potassium, respectively, from corn stover [18] . In another laboratory study, acid leaching (0.1 wt% H 2 SO 4 , 25°C) of logging residues demonstrated 80, 86, 85, and 78% removal of calcium, magnesium, sodium, and potassium, respectively (Aston et al., unpublished data). Taken together, the combination of air classification and acid leaching may be a very effective means to upgrade biomass for catalyzed and uncatalyzed fast pyrolysis applications as they would reduce both total ash and AAEMs. However, a cost-benefit analysis of these processes must also be considered. A recently published process simulation and cost analysis estimated the combined capital and operating costs for air classification were $0.83 per dry ton processed, while the costs for acid leaching were $16.65 per dry ton [19] . Given the disparity in costs, it will be important to use leaching only when necessary to keep biomass quality adequate and feedstock processing costs low. The goal of this study was to examine the feasibility of optimizing all biomass resources in an area to supply biorefinery(ies) with feedstocks that meet cost, quality, and quantity targets. We explored the idea of using air classification as a means to concentrate ash into a fraction of the biomass and only leaching that fraction. Once leached, this fraction could be dried and recombined with the unleached biomass to produce a blendstock with lower total ash and AAEM concentrations. This would serve to reduce the leaching costs and to recover the biomass in the high ash fraction that was removed via air classification, thus reducing the amount of biomass loss that occurs.
Materials and Methods
Corn Stover Material was procured and formatted as described by Aston et al. [18] . Briefly, multi-pass corn stover harvested in Boone County, Iowa (2012) was hammer-milled to pass a 1″ (25.4 mm) screen using a Vermeer BG480 Hammer Mill (Pella, Iowa). The corn stover was then mixed and split into uniform aliquots for use in the experiments. The moisture content of the corn stover was approximately 8.1 wt%.
Logging Residues Material was procured and formatted as described by Lacey et al. [16] . Briefly, loblolly pine logging residues chipped to 2″ were procured from Verdant Biosciences (Raleigh, NC), dried to 4.3 wt% moisture, mixed and split into uniform aliquots for air classification and leaching experiments.
Construction and Demolition Waste (C&D) Construction and demolition (C&D) waste was collected from the Bonneville County (Idaho) Landfill wood bin. Wood and wood-based building materials were collected, separated, and weighed. The material (165 kg total) included, by mass, medium density fiberboard/particle board (10.30%), oriented strand board (OSB) rim joist (3.27%), engineered wood I-joist (8.12%), plywood (13.94%), pressure-treated lumber (10.91%), untreated dimensional lumber (20.12%), and OSB (33.33%). Nails and staples were removed and the material was ground in an HG200 hammer mill (Vermeer Corporation, Pella, IA) fitted with a 3-3/8″ (85.7 mm) screen. The ground C&D waste was split into uniform aliquots for air classification and leaching experiments.
Air Classification Loblolly pine residues and C&D waste were air classified using a 2× air cleaner equipped with an Iso-flo dewatering infeed shaker (Key Technologies, Walla Walla, WA). The air speed on the air classifier was set so that approximately equal portions of the waste were split into the light and heavy fractions. For pine residues, the fan speed was set at 28 Hz (air velocity of 6.48 m/s) and for C&D waste, the fan speed was set at 20 Hz (air velocity of 4.05 m/s). Materials were fed onto the bed of the infeed shaker at a rate that limited material to approximately 20 mm or less in thickness. As the material passed over the air flow, the heavier particles fell through the air stream into a collection bin, while the lighter material was blown into a collection hopper. The heavy and light fractions were weighed and stored in plastic bags.
Dilute-Acid Leaching Samples were leached using deionized (DI) water with H 2 SO 4 added to 0.1 wt% (logging residues and C&D waste) or 0.5 wt% (corn stover). Leaching media were prepared by adding H 2 SO 4 and DI water to a 32 quart stainless-steel pot. The leaching solution was maintained at 25 ± 1°C on a hot plate. After the media reached temperature, randomly selected samples of multi-pass corn stover, loblolly pine logging residues or C&D waste were added to provide a 2 wt% solid loading in the pot. An overhead stirrer (SCILOGEX OS40, Berlin, Connecticut) was used to provide mixing at 120 rotations per minute (rpm) for the 24 h duration of the experiment. Previous observations have suggested that a 24-h time period is sufficient to ensure equilibrium ash removal is achieved [19] . At the conclusion of each experiment, the leached material was removed from the pot and placed in a separate stainless-steel pot containing 12 L of DI water for washing with agitation at 120 rpm for approximately 45 min. The washing step was repeated once more. Finally, the wash solution was filtered through a 75 μm sieve (Number 200 mesh, American Standard Test Sieve) and the harvested materials were dried at 105°C for 48 to 72 h.
Preparation of Leached and Air Classified Material for Ash Analysis Dried samples were ground to pass a 2-mm screen using a Thomas Wiley Laboratory Knife Mill (Model 4, 1 horse power; Thomas Scientific, New Jersey). Sequentially, a Retsch ZM200 Ultra Centrifugal Mill (Haan, Germany) equipped with either a 0.2-mm screen or a 0.08-mm screen was used to grind the samples for total ash and ash composition analyses. Significant previous ash analyses experience within our group has shown that ash analyses are repeatable between samples ground to pass 0.2-mm versus 0.08-mm screens.
Total Ash and Ash Composition Analysis of Solids Ground samples were sent to Huffman-Hazen Laboratories (Golden, CO) for total ash and ash composition analyses. Briefly, samples were placed in platinum crucibles and analyzed with a LECO TGA701 Thermogravimetric Analyzer (St. Joseph, MI) for total ash. The samples were then mixed with lithium metaborate and fused for a fixed time at 950°C. The cooled crucible was placed into 100.0 mL of dilute acid and shaken for several hours on a mechanical shaker until the fusion bead completely dissolved from the crucible. The resulting solution was analyzed by inductively coupled plasma-atomic emission spectroscopy for ash elements. The species quantified were aluminum, iron, titanium, silicon, phosphorus, sulfur, potassium, sodium, calcium, magnesium, and manganese.
Feedstock Blend Optimization Winfeed 2.8 (www.winfeed. com) was used to develop optimized feedstock blends. This program was designed to optimize animal feeds that provide the best mixture of nutrients at the lowest possible costs. The program contains a library of animal feed ingredients with their associated nutrient parameters (protein, vitamins, carbohydrates, etc) and the user can set specifications for nutrient levels. A linear programming algorithm is used to produce the best animal feed at the lowest costs. For this study, the animal feed library was replaced with ash and ash species information for each raw feedstock (corn stover, switchgrass, C&D waste, logging residues, and clean pine) and air classified/leached and leached versions of these feedstocks. These were then considered the Bingredients^for the blends. To optimize a blend, constraints were set for both quality and quantity of the feedstocks and included a total ash specification of <0.9%, AAEM levels either less than 1300 ppm or individual AAEM levels of calcium, sodium, magnesium, and potassium at less than 0.006 mM and quantities available for each feedstock subject to the most recent Billion-ton (BT16) data [20] . The rationale for these constraints are discussed in the BResults and Discussion^section. Winfeed has the capability to optimize in either linear mode or stochastic mode. The linear mode was utilized for this study since characterization data for the variability of the feedstocks examined in this study are currently not available.
Results and Discussion
Biomass Quality Table 1 shows the biomass materials utilized for this study along with total ash and AAEM concentrations. The air classified and leached samples for logging residues and C&D waste were air classified to produce an approximately equal split of light and heavy fractions, the light fraction was leached, dried and recombined with the heavy fraction. The leached only samples were not air classified prior to leaching and all of the material was leached. The corn stover feedstock does not have an air classified and leached sample because this material was so much higher in ash than the woody feedstocks that the air classify/leach approach was not effective. The switchgrass leaching results were simulated using the extent of leaching results from corn stover [18] , based on the assumption that the diffusion of ash species through herbaceous plant anatomies would be roughly equivalent.
It can be seen that air classification and leaching of logging residues and C&D waste can effectively reduce total ash to below the preferred 0.9% target [15] and reduce the AAEM concentrations to levels similar to those found in clean pine, which is the preferred fast pyrolysis feedstock [21] . Leaching all of the C&D waste and logging residues reduced the total ash further and reduced the AAEMs to concentrations below those observed in clean pine. These results demonstrated that leaching all of the materials was more effective at removing ash than air classifying and only leaching half of the material. It was also noted that the air classification and leaching treatment was not as effective at removing calcium from C&D waste as it was from logging residues. This may be due to other materials present in C&D waste such as adhesives, binders, and resins that are used when manufacturing these materials or the calcium may be present as a mineral that is not readily leachable. However, leaching failed to reduce the total ash for either corn stover or switchgrass below the 0.9% target. This is likely because the most abundant ash component in herbaceous materials is silica which is not readily removed by acid treatments. If silica needs to be removed, this is done most effectively by breaking down the cellular structure of the biomass and liberating the structurally bound silica; a process that normally relies on alkaline treatments. Since silica is generally considered inert in fast pyrolysis processes, the higher total ash may not be an issue [22] . Additionally, as the AAEMs were similar or even lower in some cases than those observed for clean pine, leached corn stover and switchgrass may actually be suitable for fast pyrolysis applications given that AAEM levels are likely a more relevant specification than total ash.
A description of the variations for the values shown in Table 1 , are provided in Table 2 . Because the data were collected from different experimental matrices, the statistics were not calculated uniformly. For example, the percent relative standard deviations (RSD) are not shown for clean pine ash and composition data, as these values were obtained from the literature; however, the range of values observed in the literature is shown. Nth replicate experiments were not performed, so it cannot be calculated exactly how many samples are required to ensure the statistical relevance of the standard deviation values without making assumptions about the sample population. For this reason, the RSD values should be interpreted as approximate representation of the repeatability of the experimental work reported. Unprocessed materials had RSDs below 5% (logging residues) and 7% (corn stover), [15] b [18] suggesting that the mixing, splitting, and analytical methods used for this study are repeatable. However, a significant outlier resulted in an RSD of 17.9% for unprocessed C&D waste. It is possible that this is a result of the more heterogeneous nature of this feedstock (e.g., preservatives on treated lumber such as copper, contamination by sanding grit on medium density fiberboard composites, and the presence of ureaformaldehyde resins used to bond composites and particleboard). The Bleached only^feedstock fractions yielded RSD values of between 5.9 and 11.8% for logging residues, and 4.1 and 13.7% for corn stover. When air classification was also performed the variance did not change significantly, with RSD values between 4.8 and 11.7% for logging residues and between 1.7 and 14.6% for C&D wastes. Interestingly, these values suggest statistically significant differences in ash content between unprocessed C&D waste and logging residues, but that this difference disappears or is minimized after they are either leached or air classified and leached. In addition, with respect to the individual AAEM species, the feedstocks become much more statistically similar following leaching or air classification and leaching. This suggests that these preprocessing approaches have some effect of normalizing feedstocks quality toward a lower AAEM and total ash specification.
Biomass Quantity For our analysis, we selected South Carolina as the location for four feedstock depots each producing 200,000 t of biomass per year that supply an 800,000 t biorefinery located in central South Carolina. The most recent billion ton study biomass quantity data [20] was accessed using the Billion-ton 2016 Data Download Tool from the bioenergykdf.net website on 8/25/2016 to obtain feedstock quantities available by county and farmgate prices (Table 3) for the feedstocks in Table 1 . Since the BT16 does not project switchgrass to be available until 2019, we chose to use 2020 Table 4 projected data for our study. Logging residues were a combination of all softwood forest residues. Clean pine availability is not provided in BT16 so it was estimated by calculating the total pulpwood available and subtracting the total potential pulpwood use by pulp mills in South Carolina [23] . The four depots were located in the regions of the state that had the highest availability of each feedstock as shown in Fig. 1 and Table 3 . The names of the depots reflect the most abundant feedstock present in that depot's area. Since C&D waste availability is population based and not evenly distributed, Richland and Lexington counties were also included in the C&D depot to increase the availability and referred to as the satellite C&D depot in Fig. 1 .
Biomass Costs Feedstock costs consist of three parts: farmgate price, feedstock logistics, and process costs for quality upgrading. The farmgate price is defined as the sum of the grower payment/access costs and the harvest and collection costs required to deliver the feedstock to the farmer/producers gate and they are provided in Table 3 [24] and harvest and collection costs developed from that report are shown in Table 4 . Feedstock logistics costs include transportation, grinding, drying, pelleting, and storage and were taken from the Idaho National Laboratory's 2015 State of Technology reports for woody [24] and herbaceous feedstocks [25] with values given in Table 4 . Transportation costs are a range as they were determined from the center of each depot region to the center of each county supplying that depot with an assumed a cost of $0.195/t/mi for woody material and $0.2364/t/mi for herbaceous feedstocks [24, 25] . Preprocessing costs include first and second stage size reduction, drying, screening, and pelleting. The INL state of technology report also assumes that biomass materials are stored prior to preprocessing in the depot and herbaceous biomass suffers a dry matter loss of 12 wt% in storage while woody biomass loses 3 wt% in storage due to soluble and structural sugar losses from microbial activity [26] . To correct for this loss, additional biomass must be procured which increases costs to the depots. In a depot composed entirely of herbaceous biomass, 227,272 t must be purchased to account for losses while in a woody biomass depot, 206,185 t must be purchased.
Air classification and acid leaching were utilized in this study to upgrade feedstock quality by removing total ash and specific ash components from the feedstocks. A recently published process simulation and cost analysis estimated the combined capital and operating costs for air classification and acid leaching assuming a depot sized to produce 200,000 t/year [19] . Air classification costs were modeled to be $0.83/t feedstock. For acid leaching, capital costs, salaries, electrical costs, acid costs, fixed costs, and brine disposal costs were all assumed to be the same as reported by Hu et al. [19] . The flat 10 wt% yield loss of organic material during leaching assumed in that study was replaced with the actual experimentally measured yield losses of 4.5 wt% for C&D waste, 6.0 wt% for corn stover and switchgrass (assumed, based on the corn stover experimental results) and 8.0 wt% for logging residues. These yield losses were added to leaching costs (capex and opex) as the cost required to buy and process additional feedstock to replace lost material. Finally, costs to replace inconvertible matter (i.e., ash) were added to the leaching costs (i.e., if biomass has 7% total ash, only 93% of the biomass is convertible and the 7% ash must be replaced with additional biomass). This effect can be significant as demonstrated by the higher leaching costs for higher ash materials (Table 5) .
Biomass Blend Optimization Winfeed 2.8 (www.winfeed. com) was used to optimize least cost blends for each depot using the feedstocks from Table 1 as ingredients, using the total costs to produce those feedstocks in Tables 3, 4 , and 5 and limiting the quantities available to each depot to what is listed in Table 3 . Two blends were optimized for each depot for uncatalyzed and catalyzed fast pyrolysis. The specifications for uncatalyzed fast pyrolysis were total ash of less than 0.9% [15] and combined AAEM levels of less than 1300 ppm. The total ash specification was proposed in the 2013 PNNL Design Report for pyrolysis and hydrotreating [15] and is based on experimental results showing acceptable bio-oil yields below this ash content. The literature studies have shown that pyrolysis yields are sensitive to AAEM which catalyze cracking reactions that reduce bio-oil yields and increase gas and char yields [27, 28] . While no specific AAEM levels have yet been proposed based on acceptable bio-oil yields, clean pine has been considered the model feedstock for pyrolysis. Therefore, we chose to use AAEM levels that are commonly found in clean pine as a proxy for acceptable bio-oil yields. Ragauskas [29] presented AAEM concentrations for eight different samples of clean loblolly pine that were on average 1029 ± 293 ppm, so the specification set for this study was the high end of this range, 1300 ppm. The specification for catalyzed fast pyrolysis was derived from the Wang et al. [9] investigation of the effects of AAEM on catalyzed (HZSM-5 zeolite) fast pyrolysis of cellulose doped with 0.006 to 0.3 mM (138 to 12,000 ppm) metals. They concluded that even low levels of AAEM resulted in decreased aromatic and olefin yields, increased CO 2 yields and increased char yields. Based on this, we applied a specification that calcium, magnesium, sodium, and potassium could each not be higher than 0.006 mM (240, 144, 138, and 234 ppm, respectively) in the blend.
Effects of Cost, Quality and Quantity on Blends Table 6 shows biomass blends and costs using uncatalyzed fast pyrolysis specifications at the C&D waste depot location if each parameter were optimized separately without consideration of the others and for all three parameters optimized simultaneously. If only quality is considered, the resulting blend meets the required specifications, but at 18% higher cost than if all three are optimized simultaneously. In addition, this blend requires 58.3% or about 120,000 t of clean pine (only 108,000 are tons available) and 26.3% or 59,700 t of switchgrass (only 5500 are tons available). If only cost is considered, the blend would consist of only the least expensive feedstock, C&D waste, and would be 19% lower cost than the optimum blend. However, it does not meet quality specifications, with the AAEM at 2320 ppm, or quantity, with only 126,800 t available in that area. Finally, when only quantity is considered, all of the available switchgrass is used and the remaining quantities are split between clean pine, logging residues, and C&D waste. This blend also does not meet cost or quality, with the cost being about 2% higher than the optimum and the AAEM levels too high at 1984 ppm. Our analysis demonstrates the critical importance of cost, quality, and quantity of biomass feedstocks when siting a biorefinery or depot and these parameters must be considered simultaneously when making decisions on location. Table 7 shows the optimum blends for uncatalyzed fast pyrolysis in each depot along with the total AAEM content and the total ash. The C&D waste depot had the lowest cost blend due to the higher availability of C&D waste at that location and the lower logistics costs for C&D waste. This was despite the fact that the C&D waste depot had to transport some of the C&D waste from twice the distance as the other depots. Indeed, for all of the depots, the entire amount of C&D waste available at those locations was utilized due to its overall lower costs. For the stover and logging residue depots where the amount of C&D waste was small, clean pine was chosen because it met the specifications and it was less expensive than leached logging residues. In all of the depots, logging residues were also part of the blends due to their lower cost as a waste stream despite not meeting either the total ash or the AAEM specifications. This was possible because the other blend components exceeded the specifications such that the addition of the higher ash and AAEM feedstocks brought these concentrations down to the specified levels in the blend. These results also demonstrate the benefit of utilizing waste feedstock streams such as C&D waste and logging residues as part of the blends. For example, clean pine is a more expensive feedstock because it is higher quality. Considering the C&D waste depot location, if only clean pine were utilized in that depot, it would cost $113.29/t to source and prepare it at the depot. Including C&D waste and logging residues in that depot reduces the costs by 16% over clean pine in spite of having to leach some of the C&D waste to remove enough AAEM to meet specifications. The lower costs for C&D waste and logging residues more than make up for the additional processing needed to meet specifications. A similar analysis of the benefits of C&D waste and logging residues for the stover, switchgrass and logging residue depots, showed that those blends were 3.5, 9.0, and 3.5% lower in cost than using clean pine, respectively. Interestingly, the corn stover and the switchgrass depots did not include either corn stover or switchgrass in their least cost blends even though these locations had the highest amounts of stover and switchgrass available in the state. While the logistics costs for corn stover and switchgrass were only slightly higher than for the C&D waste, this was offset by the higher farmgate prices and the higher costs for acid leaching, which resulted in these feedstocks not being selected. Additional analysis showed that both corn stover and switchgrass could be part of the blends for their respective depots but at a higher cost than the optimum blends. As seen in Table 7 , up to 15% of leached corn stover could be included in the blend and still meet specifications at the expense of $8.32/t increase in cost. Similarly, switchgrass could be utilized up to 30% of the blend and meet specifications with a $17.65/t increase in cost. It should also be noted that air classified and leached samples were not selected for any of the blends. While our strategy was to minimize the costs associated with leaching by minimizing the amount that had to be leached, this approach was not effective in this case because this treatment did not remove enough AAEM to meet the 1300 ppm specification. However, if the specification required for the feedstock was not as stringent, these treatments would preferably be utilized. As an example, if the AAEM specification was relaxed to 2000 ppm for the C&D depot case, a blend could be produced that contains 10 wt% air classified and leached C&D, 51.5 wt% unprocessed C&D waste, 26.7 wt% clean pine, and 11.8% unprocessed logging residues for a cost of $92.00/t. An additional consideration is the amount of air classified material that is leached. In this study, we only considered a 50:50 split generated by air classification to produce a light, high ash fraction, and a heavy, low ash fraction. Costs could be furthered reduced by altering the light to heavy split toward a smaller light fraction, which would mean less material would need to be leached. There would be a tradeoff between amount leached and the amount of AAEM removed and further optimization would be needed to determine the best processing parameters that produce the lowest cost blend and still meet specifications. Table 8 shows the optimum blends for catalyzed fast pyrolysis in each depot along with the total ash and individual AAEM contents. The specifications for catalyzed fast pyrolysis were more stringent than the uncatalyzed case due to the combined effects of AAEM on catalyst fouling and poisoning [30] and reduction in bio-oil yields [9] . This is evidenced by the higher costs for these blends since more extensive treatments were needed to reach the specifications. As for the uncatalyzed case, the C&D waste depot still had the lowest cost blend due to the low logistics costs for C&D waste and the higher availability of C&D waste at that location. As in the uncatalyzed case, all of the available C&D waste was utilized at each depot location. Unlike the uncatalyzed case where clean pine was selected when C&D waste was limited, leached logging residues were selected instead because the more stringent specifications could not be met by clean pine. Also, unprocessed logging residues and unprocessed C&D waste were not utilized in these cases because their levels of AAEM were too high. However, all of the blends still take advantage of the lower access and logistics costs for waste materials, C&D waste, and logging residues, and are still lower cost than clean pine when it is taken into consideration that clean pine does not meet catalyzed fast pyrolysis specifications and must be leached as well. This increases clean pine costs to $132.98/t. This makes the cost of the C&D blend lower by 19.9%, the corn stover blend lower by 3.2%, the switchgrass blend lower by 9.7%, and the logging residue blend lower by 6.1%. As in the uncatalyzed case, neither corn stover nor switchgrass were part of the blends for those respective depots due to their relatively higher costs. Surprisingly, the optimum blend for the corn stover depot included 17.4% leached switchgrass despite it being higher cost than leached logging residues. This is the result of limited availability of logging residues and C&D waste in this area of the state. The blend used the entire amount of available leached logging residues and leached C&D waste and then selected leached switchgrass as the next ingredient that met specifications at the lowest cost. Also of note in the corn stover depot is that the calcium specification could not be met due to the limited amount of leached C&D waste and leached logging residues available. The calcium specification had to be relaxed from 240 to 258 ppm to make a blend with the available material.
Uncatalyzed Fast Pyrolysis Blends

Catalyzed Fast Pyrolysis Blends
As with the uncatalyzed case, corn stover and switchgrass could also be made part of the blend in those depots with added cost. In the switchgrass depot, leached switchgrass up to 17% of the blend could be included at an increased cost of $2.49/t. In the stover depot, leached corn stover could be included up to 13.0% of the blend at an added cost of $3.30/t, although neither the calcium nor potassium specifications could be met in this case and had to be relaxed from 240 to 260 and 240 to 259 ppm, respectively. If these levels of calcium and potassium could not be tolerated in the biorefinery, the stover depot would not be able to supply the biorefinery unless the supply radius was increased to bring in more material. Since C&D waste was the most limiting material in this depot as well as the lowest cost, an examination of neighboring counties showed that including Sumter, Dorchester, and Berkeley counties (Fig. 1) would increase the supply of C&D waste from 18,000 to 42,000 t at the expense of a doubled supply radius. This would change the optimized blend to 62% leached logging residues, 7.5% clean pine, 10.5% leached switchgrass, and 20% leached C&D waste at a cost of $123.66/t. This blend meets all of the AAEM specifications for catalyzed fast pyrolysis and, despite the increased supply radius, is lower cost than the original blend from the smaller draw radius because of the increased availability of C&D waste. This result challenges the paradigm that biomass depots and biorefineries must be limited to relatively small draw areas because transportation costs become prohibitive beyond that radius. If the cost of the feedstock is low enough, as with C&D waste, extending beyond those boundaries is economically feasible, despite the increased shipping costs.
The catalyzed cases also did not select air classified and leached material because they did not reduce AAEM sufficiently to meet the specifications. As was shown above, it is likely that if the specifications were relaxed, there would be cases where these materials would be utilized. It would depend upon biorefinery requirements to determine if relaxed specifications were warranted.
Sensitivity Analysis
The data used in this study were only from a single time point since more comprehensive data is not yet available. However, it is well known that biomass will vary in both quality and quantity from season to season, year to year and with changing weather conditions. To assess the effects of varying physical properties and varying quantities, a sensitivity analysis was conducted to determine the impact from these changes. The C&D depot for the uncatalyzed and catalyzed scenario was used as a base case for the analysis. To examine the sensitivity to the amount of C&D available, it was assumed to either increase or decrease by 50,000 t. For the increasing C&D case, it was necessary to increase the supply radius from 106 to 222 mi which translates into a doubling of the transportation costs. For the decreasing case, the supply radius decreased to 52 mi, therefore, halving the transport costs. To examine the sensitivity of C&D quality, the total ash specification was allowed to increase to 1.9% or decrease to 0.3% and the AAEM specification was allowed to vary from 2000 to 700 ppm. For the catalyzed case, the amount of C&D was varied the same as the uncatalyzed case. As the AAEM specification used for this study was very stringent, the AAEM levels were allowed to increase to either 500 ppm each for calcium, magnesium, sodium, and potassium or 800 ppm for each. The results for these sensitivity analyses are shown in Figs. 2 and 3 . For the uncatalyzed case, increasing C&D quantities by 50,000 t/year (a 40% increase) resulted in a cost increase of 16% while decreasing the amount available by 50,000 t/year (40% decrease) increased costs by 3%. As stated in the previous section, increasing the supply radius results in decreased costs because more low-cost C&D is available for the blend despite the higher transport costs. However, the sensitivity analysis shows that this occurs only to a certain point. With the supply radius at 222 mi, the transport costs are too high to overcome the low cost of the feedstock. For the case of decreasing C&D by 50,000 t/year, transport costs are lower, but because the amount of C&D available is lower, it is necessary to incorporate higher cost biomass such as clean pine for the blend to meet specifications which also increases costs. Increasing the ash specification to 1.9% had no effect on costs since all the materials considered in this study were under 1.9% ash initially. However, decreasing the specification to 0.3% (66% decrease) resulted in a cost increase of 6% which resulted from using higher cost biomass (clean pine and leached C&D) in the blend to meet the more stringent specification. Similarly, decreasing the AAEM specification to 700 ppm (46% decrease) resulted in a cost increase of 10% for the same reason. Relaxing the specification to 2000 ppm (35% increase) decreased costs by 7% since lower cost untreated C&D and logging residues could be used instead of loblolly and leached C&D.
For the catalyzed pyrolysis case, the results were similar to the uncatalyzed case. When the C&D quantity increased by 50,000 t/year , the blend cost increased by 11% due to higher transportation costs, while a 50,000 t/year decrease in quantity resulted in a cost increase of 5% since less low cost C&D was available for use and higher cost loblolly had to be substituted. As the two AAEM specifications were made less stringent in this case, the costs for both scenarios were reduced over the base case. Allowing the AAEM to increase to 500 ppm (100% increase) decreased the cost by 8% while further increasing the AAEM specification to 800 ppm (233% increase) decreased the costs by 14%. From Wang's study [9] , increasing the amount of calcium to 800 ppm resulted in a decrease in aromatic yields of 4% and an increase in char yields of 3%; it may be worth the loss in bio-oil yield caused by increased AAEM. However, since that study only examined catalyzed fast pyrolysis of purified cellulose, further studies need to be conducted to determine how AAEM affects actual biomass. In addition, further studies need to be conducted to determine what the acceptable bio-oil yields would be to make a biorefinery economical.
Conclusions
While the preceding analyses were performed in counties of South Carolina, the model and methods described in this paper Fig. 2 Sensitivity analysis of changes to C&D quantities, total ash specification, and AAEM specification for the uncatalyzed fast pyrolysis case. Sensitivity is shown as a percent increase or decrease in costs over the C&D base case shown in Table 7 . The patterned bars represent a decrease in quantity or specification while the solid bars represent an increase -15% -10% -5% 0% 5% 10% 15%
AAEM specificaƟon C&D quanƟty % Increase or Decrease AAEM SpecificaƟons Fig. 3 Sensitivity analysis of changes to C&D quantities and AAEM specification for the catalyzed fast pyrolysis case. Sensitivity is shown as a percent increase or decrease in costs over the C&D base case shown in Table 8 . The patterned bars represent a decrease in quantity or specification while the solid bars represent an increase are applicable to any region provided the required information and data are available for that area and the available feedstocks. This analysis demonstrated the dynamic interrelationships between feedstock cost, quality, and quantity in a real-world setting. Using locally available feedstocks, feedstock blends can be produced that meet or exceed both catalyzed and uncatalyzed fast pyrolysis cost and quality specifications and are available in sufficient quantities to supply the described biorefinery. We have shown that air classification and leaching combined or leaching alone can produce suitable feedstocks for fast pyrolysis; but the costs for using these processes must also be taken into account. Additionally, feedstock logistics costs (harvest, collection, transportation, grinding, drying, pelleting, and storage) as well as feedstock grower/access payments are sensitive to the location of the resource and need to be taken into account as well. In the examples described here, we have shown that the amount of preprocessing required is dependent on the quality specifications of the biorefinery. For relaxed specifications, little to no preprocessing may be required. For stringent specifications, these preprocessing methods will be required. As the feedstock quality requirements for catalyzed and uncatalyzed fast pyrolysis become better understood, the tradeoffs between using preprocessing methods such as air classification and leaching to upgrade low-cost, low-quality feedstocks and using high-quality, high-cost feedstocks will become clearer. While this study demonstrates the power of this approach for optimizing all of the resources in a given area, it is recognized that biomass properties can vary considerably as a function of weather, time of year, harvest practices, growth conditions, irrigation, etc. Future work will focus on gathering additional characterization data on the feedstocks utilized in this study for more rigorous stochastic optimization. Future work will also more critically examine the relationship between ash and AAEM and bio-oil conversion yields.
